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SECTION I

INTRODUCTION

This is the final report for Phases I and II of Naval Research Laboratories

(DNA sponsored) contract N00014-78-C-0891, entitled "Radiation-Hard n+ Gate
+

CMOS/SOS." The objective of this program is to develop n silicon-gate comple-

mentary metal-oxide-semiconductor/silicon-on-sapphire (CMOS/SOS) processing

techniques for the high-yield fabrication of large-scale integrated (LSI/VLSI)

circuits with a broad range of functional capabilities, including random logic

and memory. The program consisted of three phases. The objectives of Phase I,

a 5-month effort, were to define and develop a radiation-hardened n silicon-

gate CMOS/SOS process for a small-scale integration (SSI) array. In Phase II,

a 4-month effort, RCA evaluated the process developed in Phase I, using LSI test

vehicles (including LSI design rule vehicles), and a 4K random-access memory

(RAM). This evaluation included electrical and radiation testing.
+

During Phase III RCA will continue development of the n gate rad-hard

process, but will concentrate on efforts in two areas: (1) thin-oxide, short-

channel devices and (2) edge and back-channel leakage problems.

Silicon-gate CMOS/SOS is a technology that offers significant advantages

for certain military semiconductor applications because of its low power

consumption; high speed; high packing density; and inherent radiation hardness

in terms of latch-up, transient upset, and single events. Like many other

commercial processes the commercial Si-gate process is very sensitive to

AW total-dose radiation. To achieve any degree of total-dose radiation hardness

a processing technology must use low-temperature oxides without ever exceeding

the oxidation temperature in subsequent processing steps. Typical processing

steps in which post-oxidation high temperatures are ordinarily used are the

implant-activation step and the contoured field-oxide operation. Replacement

of these processes with lower-temperature steps invariably has, in most cases,

an adverse impact on both circuit performance (speed) and yield.

Circuit speed of CMOS is affected by the current-gain of the transistors,

as well as threshold voltages and interconnect resistivity. Implementation of

a rad-hard Si-gate process has the greatest effect on threshold voltage and

interconnect resistivity. N-channel threshold voltages (VTN) are increased so

that the devices do not become depletion-mode devices as radiation shifts the
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threshold in a negative direction. This larger V TN compromises speed. The

polysilicon interconnect resistivity for the reduced-temperature process is

large because the post-oxidation processing-step temperatures are too low to

fully activate the dopant. This also compromises speed.

The differences in circuit yield between a commercial and a rad-hard

process are due primarily to metal step-coverage problems. The high tempera-

tures needed to establish a good contoured field-oxide are detrimental to

radiation hardness. Consequently no contoured oxide is used and yields are

correspondingly reduced.

The goal of radiation-hardened process development then is to establish a

degree of harmony between radiation hardness on the one hand and speed and

yield on the other. Much of the early work in this area concentrated on a p+

gate technology. However, p +polysilicon has too high a sheet resistivity for
many high-speed applications. Also, it has been susceptible to room-temperature

instability problems in the past. The present work is an attempt to develop

an n +Si-gate technology that will eliminate both of these problems.

2



SECTION II

SCOPE AND OBJECTIVES

A. PROCESS DEVELOPMENT FOR THE n+ GATE

Originally, RCA established a hardened process technology using boron-+ +

doped p+ polysilicon gates for CMOS/SOS circuits [1]. This p gate radiation-

hardened process has been employed for .the fabrication of LSI arrays such as a

292-gate universal array (TCS052), an LSI test cell (TCS059), an 8-bit adder

(TCS069), a p-code generator (TCS102), and the Fault Tolerant Computer Test

Chip (TCS125). Arrays have operated and satisfied leakage and speed specifi-

cations after irradiation to 106 rad (Si).

Until now, results comparable to the above achievements in radiation

hardening have not been obtained when the hardened process has been modified to+

fabricate n silicon-gate circuits, which offer the advantage of greater
+

circuit speed. It is not well established why the previous n silicon-gate

circuits have not been hard, but, in principle, there is no reason why an n
+

+

gate process should not produce circuits as radiation-tolerant as p gate cir-
+

cuits. The n gate radiation-hardened process, described below, differs in a

number of ways from a conventional CMOS/SOS process, and the particular pro-

cessing steps that are critical to radiation hardening have been identified.
+

In the n silicon-gate radiation-hardened CMOS/SOS process, enhancement-

mode transistors are fabricated in the manner illustrated in Fig. 1. The key

features which lead to radiation tolerance are the low temperatures, the use of

111 ion-implantation doping, and the radiation-hardened channel oxide.

The CMOS/SOS fabrication process begins with the deposition of a 0.5-pm-

thi k layer of silicon onto the polished (1101) surface of an annealed sapphire

substrate. The silicon is deposited by the pyrolysis of silane (Sill4). The

as-deposited impurity content is almost adequate for the islands of the P-

channel devices, so that only a light doping step for the n-islands is used.

The silicon islands are formed by a wet anisotropic silicon etch through

windows in a grown oxide. The p-islands for the n-channel transistors are then

ion-implanted with boron; a photoresist mask is used to shield the n-islands.

An anneal is needed after the boron implant.

'FTie gate (channel) oxide is pyrogenically grown, and then annealed in

s t.
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+

The silicon gate in the n gate process is phosphorus-doped polysilicon

deposited onto the gate oxide. In the radiation-hardened process the phos-

phorus doping is done during deposition to avoid a high-temperature diffusion

step. The polysilicon gates are then defined by dry (plasma) or wet chemical

etching.

Source and drain self-aligned electrodes are now made. The n-islands (to

be used for the p-channel transistors) are shielded, and a phosphorus implant
+

is used to fabricate the n source and drain for the n-channel transistors. In

a similar manner, the islands with the now completed n-channel transistors are
+

shielded, and a heavy concentration of boron is implanted to form the p source

and drain.

At this point a thick (6000-R) silicon dioxide film is deposited (at about

350'C) as the field oxide. The source and drain implants are then activated by

low-temperature (850'C) anneal. The contact holes are opened to provide

access to the silicon. Induction- or filament-heated aluminum is evaporated

and patterned for interconnects. The protective oxide is deposited, and

bonding pads are opened to complete the chip fabrication process.
+

Except for a few modifications the n gate process is very similar to the
+ + +

p gate process. The major differences between the p and n process are in

the doping of the polysilicon and the island doping (to compensate for the dif-

ferent harrier heights of n+ and p+ poly)

In the n process the silicon gate is doped with phosphorus. The method
+

, the p silicon-gate process, in situ doping during the deposition, can be

e;ed; it is also possible to dope the polysilicon by ion implantation, which

(-,in he ,ictivated (uring a later oxidation step. However, in situ doping is

preterred, since it is completely compatible with a radiation-hardened process

.Irld minimizes the number of processing steps. Furthermore, with ion implanta-

Lien the tail of the ion distribution could be in the gate oxide below the

polysilicon. Control wafers are used during the polysilicon deposition, so

that the resistivity of the polysilicon can be measured. If the in situ doping

does not produce a sufficiently high conductivity, a shallow phosphorus implant

into the n-type polysilicon can also be done.

In contrast to the boron-doped silicon-gate process, the phosphorus-doped

polysilicon can be patterned by standard wet chemical etcharits, as well as by a

plasma etching process. This was felt to be another significant positive

_ • .



+
feature of the n process, as it was not known if plasma etching affects

radiation hardness.

B. TCS099 TEST VEHICLE

The TCS099 A/D converter, shown in Fig. 2, is the process-development

vehicle utilized in the Phase I process-development program. This MSI vehicle

contains sufficient devices and sufficient accessibility to measure all device

characteristics, process parameters, and circuit performance without

difficulty. Table I is a list of devices included in the TCS099 test vehicle.

C. PHASE I OBJECTIVES

Phase I for this contract consisted of four tasks designed to lead to a

radiation-hardened n+ silicon-gate CMOS/SOS process for an SS1 array.

Task I is the experimental design. Four lots of 12 wafers each were

fabricated with process variations we felt would be most significant in the

realization of a radiation-hardened process. Specifically, we evaluated:

1. Ion implantation vs in situ doping of the polysilicon gates.

2. Heated-substrate metal deposition vs cold-metal deposition (to

assess yield differences caused by poor metal step-coverage).

In Task 2, suitable numbers of TCS099 arrays from each lot were packaged

and radiation-tested (total dose).

Task 3 consisted of the delivery of five packaged parts from each of the

four runs to NRL.

Task 4 assessed the process developed in this phase and selected the LSI

test vehicles.

1). TCSI91 4K RAM

The TCSigI is almost identical to the MWS5114 4K SOS RAM that RCA sells as

a commercial part, except that it is approximately 15% larger. (The 5114 is

the 191 with a 15% shrink on all dimensions.) A paper describing this circuit

is included as an appendix. The chip is organized as 1024 4-bit words and laid

out in such a manner that it can be used as a 2K RAM if the full 4K part is not

ope rat i ona I
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TABLE 1. TCS099 ARRAY CONTENTS (ALL DIMENSIONS IN MIL
UNLESS OTHERWISE NOTED)

Chip.Location Function

TCS099A 33 Amplifier
8 Standard 2-mil test transistors p and n; L = 0.25, W = 2.0,

n n

Lp = 2.25, Wp = 2.0

72 30 minimum area contacts (0.25 mil x 0.25 mil); A = 0.625 mil2

320 p epi, L = 6.0, W = 3.2

321 n epi, L = 6.0, W = 3.2

37 Poly/metal capacitor, A = 165.60 mil
2

7 n triplet including a matched pair, L = 0.25, W = 6.0

10 n triplet including a matched-pair depletion, L = 0.25,

W = 6.0

11 p triplet including a matched-pair depletion, L = 0.25,

W = 6.0

73 p poly resistor, L = 5.8, W = 1.0

74 Poly step - 20 steps over epi

75 Metal step - 26 steps over poly
210 Long-channel n-depletion device, L = 4.0, W = 0.5

110 Long-channel p-depletion device, L = 3.0, W = 0.5

6 p triplet including a matched pair, L = 0.3, W = 6.0

230 Closed n-depletion device, L = 0.3, W = 3.0

240 Closed n-depletion device, L = 0.4, W = 3.3

250 Closed n-depletion device, L = 0.5, W = 3.8

255 Closed n-depletion device, L = 0.55, W = 4.0

260 Closed n-depletion device, L = 0.6, W = 4.4

130 Closed p-depletion device, L = 0.3, W = 3.0

140 Closed p-depletion device, L = 0.4, W = 3.3

150 Closed p-depletion device, L = 0.5, W = 3.8

155 Closed p-depletion device, L = 0.55, W = 4.0

160 Closed p-depletion device, L = 0.6, W = 4.4

8
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TABLE 1. (Cont. -2)

Chip Location 
Functio

TCSO99B 14 Protection zener, W = 4.0

15 Reference zener, W = 4.0

82 Closed-geometry oscillator

80 Standard-geometry oscillator

9 n triplet with matched pair, 
clamped, L 0.25, W 6.0

+

83 p resistor, L 
= 5.8, W = 0.6

84 p~ resistor, L = 5.8, W = 0.3

85 p resistor, L 
= 5.8, W = 1.0

b 
+

86 n poly, L = 5.8, W = 1.0

87 p poly, L = 5.8, W = 1.0

42 2R/2R, L = 32.8, W = 2.0

41 2R/2R with trim tab, 
L = 25.2 (11.33 mil 

)

+
17 n/n diode, W = 3.2

18 p/p+ diode, W. 3.2

77 T-gate closed geometry, L 
= 0.3, WN =WP 3.0

78 T-gate standard geometry, L = 
0.3, WN 

= Wp = 3.0

76 Buffer amplifier

16 Six-diode switch, W = 3.6

TCS099C 21 Comparator

103 Isolated input protection

1 Clamped p triplet with matched 
pair, L = 0.25, W = 3.4

4 31 Cell amplifier

2 p triplet with matched pair, 
L = 0.5, W 7.6

4 n triplet with matched pair, 
L = 0.5, W = 7.2

5 n triplet with matched pair, 
L = 0.3, W = 6.0

TCS099D 20 SAR input stage

23 SAR NAND stage

22 SAR NOR stage

19 p-n+ diode pair, W = 36

9



TABLE 1. (Cont. -3)

Chi4_Location Function

TCS099D 24 n epi n diffused resistor, L = 3.6, W = 0.6
+

25 n epi n diffused resistor, L = 3.6, W = 0.3
+

26 n epi n diffused resistor, L = 3.6, W = 0.9

12 Inverter standard geometry, L = L = 0.25, W = 9.0,

W = 5.0
n

3 Inverter closed-geometry large device, L = L = 0.25,
p n

W = 8.6, W = 17.2
Ii p

70 Inverter closed-geometry minimum device, L = L = 0.25,p n
W = 9.0, W = 18.0n p

71 Inverter closed-geometry minimum device, clamped, L =P
L = 0.25, W = 9.0, W = 18.0

n n p

13 Punch-through reference device, L = 0.1

38 Epi/metal capacitor, A = 523.8 mil
2

NOTES: + +
Ion-implanted polysilicon resistors (73,86,87) and p epi (83,84,85), n

epi (24,25,26), and SiCt resistors (41,42) are to be used to establish resistor
value, degree of match, linearity, and power dissipation.

Triplets (6,9,1,2,4,5) are used as matched pairs and in breadboarding
tetrodes. These include substrate-clamping test devices.

Zeners have been included (14,15) for protection and reference voltage
sources.

E. PHASE II OBJECTIVES

~+
The objectives of Phase II were to assess the n process developed in

Phase I to establish a baseline for the radiation tolerance. This process was

then to be used to fabricate the TCS191 4K RAM.

10



SECTION III

RESULTS

A. METAL STEP-COVERAGE YIELD LIMITATIONS

At the present time one of the limiting factors in the yield of radiation-

hardened integrated circuits is the yield limitation due to metal step-coverage

problems.

In silicon-gate CMOS/SOS circuits metal lines run over polysilicon steps

as well as silicon islands. From SEM observations we have concluded that the

poly step is usually more severe than the island step and will be the main

contributor to a reduction in yield due to step-coverage problems.

We have investigated metal step-coverage with circuits fabricated with

three different metal-deposition conditions. The step coverage shown in the

scanning electron photomicrograph of Fig. 3(a) is often observed over steps in
the silicon gate after the standard aluminum evaporation onto a room-temperature

substrate. What appears is a deep fissure with a constriction in the metal

thickness at the step. Figure 3(b) shows the same step from another wafer that

had aluminum deposited, but at a wafer temperature of 150'C. Note in particular

that the depth of the fissure has been reduced. No significance should be at-

tached to the exact shape in these figures of the step under the metal; the step

consists of the polysilicon gate with the field oxide on top, and the field oxide

was slightly etched during removal of the SiO overcoat from the chip. Fig-
2

ure 3(c) illustrates the metal step-coverage that was achieved with magnetron-

sputtered aluminum from a Varian* S-Gun system. In this case the fissure is very

small, and very little constriction of the metal at the step is observed. The

results described above suggest two potentially useful techniques, which can be

further investigated if we find that improved step coverage is needed.

Although we expect hot metal to have a negligible effect on radiation

hardness, it is possible that the sputtered-metal deposition process will

degrade the performance of circuits and the radiation tolerance of devices.

What we have found is that substrate temperatures near 300*C produce large

bias-temperature shifts in capacitors, so that hot metal is not a viable means

of providing good metal step coverage.

-* Varian Associates, Palo Alto, CA.

*1Jl
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(a)()

Figure 3. Scanning elvctron mirgd)sof metal steps over polysilioi(10K magnifc'Iti(.)
1 700 .111'le of incidence). (a) Cold In-sourcealuminum; (b) hot (15~0'(,) Il-source AtIuiinum and; (c) S-Guna I umn i numn.



However, the use of magnetron-sputtered aluminum yields the best metal

step-coverage.

The only drawback to magnetron-sputtered Al is that, under certain con-

ditions, it can produce radiation damage. These conditions occur when the

ultraviolet radiation from the sputtering plasma is able to impinge upon the

bare SiO 2. More specifically, what is needed to produce radiation damage is

that photons of 8-eV or greater energy levels are able to strike the SiO 2 gate

insulator. The use of polysilicon gates makes this virtually impossible.

Photons with energies of >8 eV are strongly absorbed by polysilicon, while

visible and infrared photons that can penetrate the poly are not energetic

enough to create hole-electron pairs in the SiO2. The postirradiation data

from lot 2314 and all other lots we have irradiated bear this out. These lots

are just as hard as those metallized with filament or In-source Al.

To quantitatively test the step-coverage problems associated with standard

In-source metal, a special test structure, specifically designed to give

information about step-coverage yield, was processed. This structure is shown

in Fig. 4 and is called the process assessment (PAS) array 12]. Listed in

Table 2 are the corresponding dimensions for each mask level. The basic con-

cept inherent in this test structure is that the number of effective defects

generated by a particular process step which are detrimental to the definition

of a particular physical dimension can be determined by sequentially interrogat-

ing the defined pattern. For this reason the array is laid out so that an

LEVEL*2

LEVEL *4
LEVEL # I/

-LEVEL*3

Figure 4. Layout of PAS array test chip.
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TABLE 2. PAS TEST-CELL DIMENSIONS

Level No. Length (mil) Width (mil)

2 400, 800, 1200, 2400, 4800, 9600, 14400 0.25

4 200, 400, 600, 1300, 2400, 4800, 7200 0.25

increasing number of cells can be analyzed, and a pass or fail condition

determined as a function of the number of cells. The number of cells acces-

sible for analysis and brought out to external pads are 200, 400, 600, 1200,

2400, 4800, and 7200. The total array, therefore, contains 14,400 cells. The

array dimensions are 170 mil x 200 mil, permitting approximately 100 test chips

to be fabricated on a 2-in. (50-mm) wafer. A 3-in. (75-mm) wafer contains about

150 arrays.

The levels listed in Table 2 can be used individually or in various com-

binations to determine the continuity of different types of conductors or the

interaction of one layer with another. Since we were interested only in metal

continuity and metal-to-epi as well as metal-to-poly shorts, we used only

levels 2 and 4 (0.25-mil metal). The test lot was divided into three experi-

merits. Four wafers were controls - only level 4 (metal) was used. This gives

long metal lines on bare sapphire. Four wafers had level 2 (epi) and level 4

(metal). This gives metal over epi that has a gate oxide and field oxide.

Four wafers had level 2 (poly) and level 4 (metal). This gives metal over poly

with field oxide.

The results of this experiment are shown in Fig. 5. Here we have plotted

the yield in percent as a function of the number of crossovers (poly or epi).

The individual data points are yield averaged over one wafer. The bands shown

represent the yield obtained over the whole lot. Data between 15K crossovers

and 40K crossovers are extrapolated.

Since a 4K RAM has approximately 40K crossovers, we can estimate the

yield-limiting factor due to no reflow in a 4K RAM from this figure. What the

figure shows is that (1) the poly step is the most severe, confirming our

earlier observations, and (2) the yield factor due to metal step-coverage

problems is only 22-28%. The total yield of the process would be this number

multiplied by other yield factors, such as contact continuity yield. Note
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Figure 5. Step-coverage yield as a function of the number of
crossovers in the PAS array.

that, without any epi or poly on the wafer, the yield is only 42-50%. Pre-

sumably this is caused by such factors as loss by etching or particles on the

surface. The use of better metal etching techniques and also a cleaner

fabrication facility (soon to be operational) should increase this number.

However the "bottom line" in the analysis of this process is that the use of a

ti)nreflowed field oxide is going to limit severely the yield of any rad-hard

process. Therefore it is important that future work in this area be directed

toward developing a low-temperature contoured field oxide.

B. POLYSILICON DEFINITION

Defining the polysilicon is a critical step in a self-aligned process

because the gate is usually of the minimum design-rule width and because that

width determines the gain, and thus the circuit speed, of the MOS circuit. N+

polysilicon is defined by three methods: KOH wet chemical etch, "S-etch",* and

plasma etching. For fine geometries plasma etching appears to be the way of

*S-etch is a proprietai, RCA wet etchant.
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the future, although at the present time not all plasma reactors are equally

good for etching. KOH etching is definitely inferior to plasma etching because

of undercutting and lifting of the photoresist, but S-etch appears to do a

fairly good job in comparison with plasma etching at the present time. For the

present work KOH etch and plasma etching were used for the initial runs, but

plasma etching, because of its superior etching characteristics, was used for

all the later runs that will be reported. Comparative radiation measurements

on KOH- and plasma-etched poly devices show no additional degradation in

hardness, so we feel that plasma etching is quite compatible with rad-hard

processing requirements.

C. POLYSILICON-DOPING TECHNIQUES

Doping of n+ polysilicon by POCl3 is not permitted in rad-hard processing
because of the high temperatures required. The ideal solution would probably

be an in situ-doped LPCVD polysilicon process. However, that was not available

at the time this work was done. Our best guess as to the most workable solu-

tion was to use in situ-doped atmospheric-pressure-CVD polysilicon. Atmospheric

CVD does not give totally uniform polysilicon thickness because of the strong

dependence of growth rate on temperature and the use of rf-heated susceptors.

So, although an atmospheric-pressure-CVD system might give good results with

in situ-doped poly, if one were to grow intrinsic poly and then dope it by ion

implantation, the nonuniform thickness thus obtained might produce ion penetra-

tion into the gate oxide.

Lot #2304 (TCS099) was fabricated to test these different doping schemes.

Four wafers received in situ-doped poly (sublot A). Four wafers received

intrinsic polysilicon gates, which were then implanted with phosphorus (150

keV, 4.5x1015 cm -2 ) (sublot C). Four received highly in situ-doped poly with

the same implant as C (called sublot B). All gates were plasma-etched.

All chips tested were irradiated in the l-MeV Van de Graaff electron

accelerator. In interpreting threshold shifts in the following illustrations,

note that these data were obtained from a very high-dose-rate source (104

60rad/s). Based upon past experience, we expect Co threshold shifts to be

approximately 60% of the Van de Graaff shifts.

Figure 6 shows preirradiation inv,,rter characteristics for inverter #12

(see Fig. 2) on cliips from the three process variations discussed above. All

three process variations resulted in less than I nA/mil of subthreshold leakage

16
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VG (Volts)

Figure 6. Preirradiation inverter characteristics, ID vs V
D G

(ID plotted on square-root and log scales.)

current. The threshold voltages were designed to be V = 2.0 V and V = 1.0
TN TP

V, but as the figure shows, these were not achieved for any of the process

variations.

The data from Van de Graaff radiation tests are shown in Figs. 7-9. As

these figures show, the poly doped totally in situ and the implanted poly are

quite hard and very much harder than the poly that was lightly doped in situ

and subsequently implanted. (AVTN ^ 15 V at 106 rad.) Process A has a postrad

subthreshold n-channel leakage current of less than 1 pA/mil; process B, of

about I nA/mil. In addition, the sheet resistivity of the poly in all the

three sublots was low. For A, pc = 22 Q/Of; for B, pCI = 42 Ql/0; and for C, po

= 64 Q2/0.

Subsequent measurements of VTN and V across a diameter of two wafers

from each lot showed wafers from process C (in sitLu plus implant) to have a

grossly nonuniform distribution in threshold voltages. We conclude that these

wafers had a gross nonuniformity in poly thickness, enabling the implanted

phosphorus to penetrate the poly,' This probally also explains the poor radia-

tion hardness.

17
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LOT # 2304
TC S 099 D

2.5 INVERTER # 12TCS O 2 I MeV ELECTRON IRRADIATION
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Figure 7. Pre- and postirradiation inverter characteristics, ID vs

VG, process A. Parameters on curves are total dose in

rad. 0 D plotted on square-root and log scales.)

LOT * 2304 I MeV ELECTRON IRRADIATION
TCS 099D

INVERTER #12 rods/s
1.6-

PROCESS B
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0.9 IMPLANTED

- 0.4-

0.025-
0.004

-4 -2 0 2 4 6 8 10
VG (Volts)

Figure 8. Pre- and postirradiation inverter characteristics, ID vs

VC, process B. Parameters on curves are total dose in rad.
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Figure 9. Pre- and postirradiation inverter characteristics, I D vs

V;, process C. Parameters on curves are total dose in rad.

From these experiments we conclude that both in situ-doped poly and

ipimplanted polv can be used in a hardened process, although the sheet resis-

tivi-Lv of in situ-doped poly is lower. The hardness of Lhe implanted poly

.Ike.t s that impIinted LPC%'I) poly might be a good intermediaLe step to take

he ure in sitin-doped LPCV.D poly becomes a reality. This would improve step-

k,,'01mg,, yietd and give a conductor with acceptable conductivity.

(.IN'IRTl\ 01. BACK-CHANNEl, LEAKAGE BY ION IMPLANTATION

int' of the limiting factors in the use of CMOS/SOS in radiation environ-

mfit s is the post irradiation "back-channel" leakage caused by charge trapping

in th' sapphire. Although this leakage can be controlled by hydrogen firing of

tht. sapphire, this method does not work 100% of the time. Another way to

mimnimize this current is to heavily dope the silicon at the Si/sapphire inter-

ftc' by ion implantation. The following experiment illustrates the effective-

i ',s of sul(h a scheme.

'4=
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One half of a lot was processed in the normal fashion, which for the p-

island consists of two implantation steps followed by a 1050'C implant anneal.

The other half of the lot was processed without the 1050'C anneal. The implant

schedule for the p-island is as follows:

* 150 keV boron, 3xl1
1 cm- 2

* 35 keV boron, 2xlO
12 cm - 2

The 150-keV deep implant is to dope the Si/sapphire interface so heavily

that back-channel leakage is suppressed. However, with the 1050°C anneal, this

implant could get redistributed to the point where any benefits it was intended

to have would be negated. The results of this experiment can be seen clearly

in Figs. 10 and 11. Figure 10 shows inverter characteristics for an inverter

before and after 60Co irradiation to 106 rads. The curves are plotted on both

a square-root and log scale to show different features of the curves. While

these circuits can be classified as fairly hard in terms of threshold-voltage

shift, there is a substantial increase in leakage current after irradiation.

One component which dominates the n-channel device at 0 V is the edge leakage,

noticeable as a "kink" in the I-V characteristic at 0 V. The other back-

channel current is characterized by a nearly constant level from -1 V and below.

RAO HARD n GATE PROCESS 
10

TCS099 LOT-S2417
(CONTROL)

2500

ID4*O 1600

i 0"5 I
1 × 10 5

-
0vII IV)

Figure 10. Pre- and postirradiation inverter characteristics for

a normall1y processed wafer.

120 ,i- 2 4 6 0 2 1



RAD HARD n* GATE PROCESS

TCS099 LOT-S2417
(NO 1050=C DRIVE-IN)

10 1 n

10xlO
6

1 0 " IX 10 5 5 x 10 5

10
- 6

- I 0 X105 -900
INITIAL

LOG ZERO- 5x105

Ir xpos d 7 INITIAL fINITIAL 7o0
-6 -4 -2 0 2 4 6 a 10 12 14

V, IV)

Figure 11. Pre- and postirradiation inverter characteristics for a

wafer processed without the 1050 0 C implant drive-in.

Figure 11 shows the same type of curves from a wafer without a 1050'C anneal or

drive-in. Here the edge leakage is still present, but the back-channel leakage

is reduced by two orders of magnitude below that of the control (Fig. 10).

While one experiment is by no means definitive, we are encouraged by the results.

E. EVALUATION OF BASELINE HARDENED PROCESS

The "bottom-line" in radiation hardness is determined by several things.

With the n-channel device it is important that the initial threshold be low

enugh to preserve switching speed and noise immunity. After irradiation the

threshold usually shifts in a negative direction, so that the important factor

is whether the device "goes depletion" and draws large currents at V = 0 V.
G

With the p-channel device the threshold also tends to shift in a negative

direction under irradiation, so that the important postirradiation criterion is

the magnitude of AVTp; if AVTp exceeds a certain value, switching speed and

noise immunity will not be preserved.
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With the C'MOS/SOS process, control of initial threshold voltage is not as

good as with bulk CMOS. Typically the CMOS/SOS process shows a "spread" in VTN

of about 0.7 V and a spread in V of about 0.5 V. Thus, to optimize the

process we can make VTP as low as, say, 0.75 V. For the n-channel device we

typically expect AVTN to be less than 2.0 V after 10 rad of ionizing

radiation. Thus setting VTN = 2.0 V will result in having most n-channel

transistors remain enhancement mode after irradiation. Note, however, that all

this neglects subthreshold and edge leakage that may result in large currents

at VG = 0 V even with VTN J 0 after irradiation. Simulations done on

worst-case failure modes in a 1K RAM (TCS150) have shown that the circuit can

tolerate 3 pA/mil of n-channel leakage at V = 0 V before it develops a soft

error. Based on the above arguments one can establish the following criteria

for radiation hardness:

TABLE 3. CRITERIA FOR RADIATION HARDNESS

n-channel: I LN < 3 pA/mil to 106 rad (VTNO = 2.0 V)

p-channel: AVTP < 3 V to 106 rad (VTp0 = 0.75 V)

The threshold shift criterion for the p-channel is based on observed

m:ximum shifts and a guess at the maximum VTP tolerable for high-speed opera-

tion. The summary of the radiation data is shown in Table 4.

Using the hardness criteria shown in Table 4, 45% (5/11 lots) are hard to

10 6 rad. Note, however, that the initial threshold voltages of the n-channel

devices are nominally 1.0 V. This is too low for the present process. If we

could adjust all the n-channel thresholds to 2.0 V, then the leakage current at

0 V would he quite different for some lots. With this revised threshold we

find that 82% (9/11 lots) could be hard -- a quite acceptable figure.

The problem of the low initial threshold voltage can be fixed by increas-

ing the doping of the p well. However, with SOS technology there is another

problem regarding initial threshold voltages: the variability in initial

threshold voltage from lot to lot. This is illustrated in Fig. 12 for the

rad-har, n + and p+ gate processes. Most of this variation appears to be due to

defects in the starting material. Fortunately, a screening technique has been

developed which significantly reduces this spread; we will be applying this

procedure to try and minimize the sprt-ad.
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Figure 12. Initial threshold voltage uniformity (lot to lot) as a
function of chronological order of processing (lot number).

F. ELECTRICAL TESTING OF 4K RAMs

+
In accordance with our program to develop a rad-hard n gate process, the

TCSI91, CMOS/SOS, 4K memory was chosen as a viable candidate to demonstrate the
+

feasibility of hardening a memory device by means of the present n gate rad-

hard process. The 191 is the original, unshrunk 5114, which is now being made

at RCA Palm Beach Gardens (PBG) as a commercial product. The size reduction

amounts to about 15%. The Appendix contains a publication by the RCA designers

of the NWS 5114 that describes in detail the design of this memory. The 5114

contains 22,553 transistors in a 20-mm2 area and is organized as 1024 4-bit

words. This degree of complexity ensured that any success in hardening of the

demonstration vehicle would provide a very strong case for achieving our

contract objectives. Obviously, this anproach could not be expected to achieve

a reasonable yield of operational 4K memories, since the original design para-

meters did not take into account the requirements of a radiation environment.

All of the electrical testing was carried out on the Teradyne* memory

-tester, a very complex and expensive IC tester designed especially for testing

memory devices. Three lots of the TCS191 were processed at SSTC, Somerville,

-Memory tester made by Teradyne Inc., Boston, HA.
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and wafer probing of the three lots was carried out on the Teradyne tester,

at Princeton, with the help of a test program originally designed to test the

Palm Beach production device, namely, the MWS 5114 memory. Figure 13 is the

flow chart of the test program. The original program was modified to perform

tests at a voltage, V D'of 10 V (instead of the usual 5 V) and also to elimi-

nate some of the program steps. The wafer-probing tests indicated that lot

2660 had nine potential 4K memories, lot 2581 had mostly 2K memories, and lot

112548 did not yield any type of operating device. Apparently some type of

processing mistake had occurred during the fabrication of this lot. Four suc-

cessful 4K memories were obtained from the potential nine samples from lot

#12660 and one 4K from lot #2581. A new test program was written in place of the

original program to conduct initial and postradiation measurements at the V D

of 10 V.

G. RADIATION TESTING OF 4K RAils

The 60 Co source located at RCA Somerville was used to expose the memory

samples; then the samples were transported in a container of dry ice to the

Laboratories at Princeton for measurement on the Teradyne tester. Devices

which required exposures and measurements extending over several days were

stored at dry-ice temperature. This technique guaranteed the continuity of the

exposures, and the prevention of annealing during transportation and storage

hotween exposures. In addition, six samples of the commercial product, !IWS

)114, were tested at the same time and in the same manner as the TCS191

1 lk devices, but at a V DDof 5 V. These test samples served as a good reference

.uid clear demonstration of the hardness achieved in the rad-hard-processed

TrCSI91 devices under the same test conditions of exposure to radiation and

..Idl'sequent measurement. All samples were exposed with input and control lines

high, and with a stored pattern during the exposure, which was random. A

preferred pattern was probably established as the dose accumulated, since it

has been shown that the inverters of the storage cell will tend to turn on in

the same state as the dose accumulates and the threshold voltages shift.

Table 5 summarizes the results obtained with the five samples of the

TCS191. We have listed the maximum standby leakage current and the access

times measured with March, Address Complement, and Galpat test patterns as a

function of dose. The program first used a March pattern for a gross func-

tional test. If the device passed, it then used other patterns to carry out

25



C~o CNTIrgUjlY TIMES AND LEVELS

7 ESTTEST VDD V I VIM TIME TABLE

GROSS FCT 6.0 0 8&0 PCOL

SLOW VCT 4.7 0 4,7 PCGJ (PCGM)

Tf'.OIVIDVAL LOW Vo 0 FOT 3.84 0 3.84 PCI3E

B'0 CONTINUITY

Vl ES AST VCT 4.? . .4 PG

FUNCTIONALo~, 4K 0 FUNCTNA 12 FNCTONA.,

6[ni7, V-o 0 V o=t,Fk
INU K NU EKG I EKG NU EKG
Igr 13 FlO chart ofO tsn 1r5ra forL 4K.RAM

2 i T% A 2.,.A .526



TABLE 5. EFFECTS OF 6 0Co IRRADIATION ON RAD-HARD TCS191,

4K MEMORIES PROCESSED AS n
+ GATE DEVICES

Address

Lot (#) and Dose Max Standby March Galpat Complement

Sample (No.) (krad) IDD (pA) Access (ns) Access (ns) Access (ns)

#2660

No. 1 0 265 316 317 220

fe. 2047 344 357 243

50 2047 410 496 265

100 366 300 308 226

200 357 371 377 268

500 334 572 577 384

1000 Failed

2 0 251 498 Not measured 325

10 Failed

150 311 Not measured Not measured 320

300 Failed

4 0 474 461 480 308

10 1870 475 514 300

50 Failed

150 548 451 500 301

300 Failed

6 0 298 362 383 247

10 1912 376 429 255

50 2047 396 470 270

100 383 345 378 242

200 369 449 449 274

500 350 583 647 376

1000 Failed

#2581

No. 10

0 492 307 308 221

100 Failed
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additional functional tests and also various parametric measurements. Table 5

shows that samples 2 and 4 failed after (low) doses of 10 and 50 kilorads,

respectively. However, both samples recovered and passed most of the tests

after exposure to 150 krad. These samples failed once more after exposure to

300 krad, probably due to the growth of negatively charged interface states,

which caused the n-channel threshold voltage to turn around and increase.

Examination of the Teradyne test data indicates that samples No. 2 and 4 were

only marginal devices before exposure. For example, No. 2 did not pass the

Galpat or Walk tests, and No. 4 was slower than either No. 1 or 6, which turned

out to be the hardest samples. As can also be seen from Table 5, the behavior

of the leakage current correlates with the turn-about behavior of the n-channel

threshold voltage. Failure levels range from 105 to 106 rad and are comparable
+

to those of the TCSI50, CMOS/SOS 1K memory, fabricated with the p gate

rad-hard process.

Six samples of the commercial product MWS 5114, 4K memory were irradiated

at RCA Somerville and measured at RCA Laboratories in the manner described for

the TCS191. These samples provided a sharp contrast with the rad-hard 191

samples, which were identical except for the size difference. Table 6

summarizes the results of the tests. The maximum standby leakage current and

the access time measured with a March pattern are listed as a function of dose.

The test program used in these tests was the standard program designed for the

Palm Beach products. The standby current was measured for several test

patterns, for example, checkerboard, checkerboard bar, all O's, all l's,

alternate rows, alternate rows bar, alternate columns, and alternate columns

bar. We have selected the maximum value independent of pattern. It can be

seen that failure doses range from 8 to 12 krad, in contrast to the 100-1000

krad for the rad-hard 191 memories; thus, the hardness improves by at least an

order of magnitude.

It appears, from the data of Table 5, that leakage current did not cause

failure of the 191 memories, since the final values were not significantly

larger than the initial values. This was not suprising, since the 191 storage

cell utilizes a p-channel rather than an n-channel Read/Write transistor; the n

type would have made it more sensitive to leakage current. Threshold voltage

shifts were probably responsible for some of the storage-cell locations failing

the functional test patterns. To obtain further insight into the failure

mechanism and to classify the hardness of the three lots of memory devices,
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TABLE 6. EFFECTS OF 60 Co IRRADIATION ON MWS 5114 4K MORIES MADE
AT RCA PALM BEACH GARDENS WITH A COMMERCIAL n GATE PROCESS

Max IDD March, V = 5 V

Sample No. Dose (krad) Standby (pa) Access Time (ns)

0 19 264

4 42 310

8 1027 383

12 Failed

2 0 6 241

4 Not measured but passed

gross functional test

8 1749 265

12 Failed

3 0 10 228

4 144 Not measured but passed
gross functional test

8 Failed

4 0 33 289

4 129 372

8 696 418

12 Failed

5 0 13 279

4 130 376

8 1224 347

12 Failed

6 0 15 228

4 159 286

8 Failed

29



inverter measurements were made with test devices contained on wafers of the

processed lots. Each wafer contained two inverters; these were packaged and

radiation-tested.

Table 7 summarizes the results by listing the mean, minimum, maximum, and

a of the inverter sample distributions of initial threshold voltage and voltage

shifts as a function of cobalt-60 total dose. There were several samples that

showed evidence of a turnabout in the n-channel threshold after about 500 krad,

but in general this effect was not significant. Examination of these results

indicates that inverters from lots #2660 and 2581, from which the 4K test

samples originated, shifted into depletion after about 100 krad, whereas those

from lot #2548 did not do so until a dose of 500 krad was achieved.

A similar set of measurements was made with inverters from wafers pro-

cessed at RCA Palm Beach, and thus characteristic of the MWS 5114 memories.

Table 8 lists these results for two lots and seven inverter samples for total

doses of 4, 8, and 12 krad. The contrast of these results compared to those in

Table 4 is very sharp and indicative of the hardness of the n +gate rad-hard

process relative to the n gate standard process. The dose ratio for a AV of
TN

,,I V is about 100/6 for the worst-case lots of the rad-hard to standard process

and 500/6 for the hardest lot of 191 memories.

It is interesting to examine the inverter results and to predict the

hardness failure levels of the 191 and 5114 memories. Table 9 lists the memory

samples, their failure doses, and the corresponding threshold voltages, shifts,

and penetration into t'he depletion region predicted by the inverter

measurements. The leakage current determined at 0 V is also listed. In the

case of 191, the data obtained with inverters from wafers which supplied the

test samples (except for wafer No. 4) were used in the table. In this latter

case, no inverters were available for evaluation. As a comparison, Table 10

lists the same data but with threshold voltages, shifts, and leakage currents

all based on the mean inverter values from Table 7. It can be seen that the

L mean representation of the lot characteristics is fairly good, relative to

shifts and depletion-region penetration. This means that for a hardness

assurance program, it appears that an average representation of the lot

hardness may be adequate. Obviously, this is still a small sample test, and

it requires a large number of tests before a definite conclusion can be drawn.
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TABLE 7. MEAN, MINIMUM, MAXIMUM, AND u VALUES OF INITIAL THRESHOLD VOLTAGE
AND VOLTAGE SHIFTS FOR INVERTER SAMPLES FROM TCS191 LOTS IRRADIATED

BY 60Co

VTN -AVTN

Lot (#) Value 0 krad 100 krad 200 krad 500 krad 1000 krad

#2660

7 Wafers Mean 1.0 1.1 1.6 2.3 2.5
10 Samples Min 0.9 0.7 0.9 1.3 1.5

Max 1.2 1.6 2.5 3.6 4.0
G 0.1 0.3 0.6 0.8 0.8

12581

10 Wafers Mean 0.9 1.2 2.0 3.2 3.5
12 Samples Min 0.8 0.7 1.2 1.9 1.5

Max 1.1 2.2 3.4 5.3 5.8
o 0.1 0.4 0.6 0.9 1.1

it2548

4 Wafers Mean 0.9 0.5 0.8 1.2 1.6
6 Samples Min 0.9 0.3 0.6 0.9 1.4

Max 1.0 0.6 0.9 1.5 2.0
o 0.1 0.1 0.1 0.2 0.2

-V -AVTp

#2660

Mean 1.7 0.7 0.9 1.4 1.8
Min 1.5 0.6 0.8 1.3 1.1
Max 1.9 0.7 1.0 1.5 2.0
a 0.1 0.1 0.1 0.1 0.3

#2581

Mean 1.8 0.6 0.8 1.3 1.7
Min 1.6 0.5 0.7 1.1 1.5
Max 1.8 0.6 1.0 1.6 2.2
0 0.3 0.1 0.1 0.1 0.2

#2548

Mean 1.7 0.5 0.8 1.3 1.7
Min 1.6 0.4 0.6 1.2 1.7
Max 1.9 0.7 1.0 1.4 1.8
G a 0.1 0.1 0.2 0.1 0.1
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TABLE 8. VALUES OF INITIAL THRESHOLD VOLTAGES AND VOLTAGE SHIFTS OF

INVERTER SAMPLES FROM 5114 LOTS IRRADIATED WITH 60Co

VTN -AVTN

No. of Samples Value 0 krad 4 krad 8 krad 12 krad

7 Mean 1.1 0.5 1.3 2.4

Min 1.0 0.3 1.0 2.0

Max 1.2 0.9 1.7 3.2

o 0.1 0.2 0.3 0.4

-VTP -AVTp

Mean 1.0 0.4 0.6 0.9

Min 0.8 0.1 0.3 0.5

Max 1.1 0.7 1.0 1.4

Co 0.1 0.2 0.3 0.3

The results indicate that the 191 rad-hard memories failed because of

threshold-voltage shifts, rather than because of leakage-current increases.

This was probably due to the use of a p-channel (instead of n-channel) Read/

Write transistor for accessing the storage cell inverter. By the same token,

the p-channel shifts combined with any turn-about in n-channel thresholds would

slow the devices, so that they would fail because of speed considerations as

well. The access time shown in Table 5 first decreased, then finally increased,

prior to failure; the AVTP shifts dominated the access time. The inverter

results show that a failure criterion based on nonpenetration of the depletion

region may be too severe, since the memory samples failed with penetrations in

the range of 0.3-1.7 V. This fact, however, may be unique to this particular

memory design and not necessarily a general result. A similar conclusion can

be deduced from the 5114 data. The depletion voltage ranged from 0.2 to 1.3 V.

There was one basic difference between the two sets of measurements: namely,

VDD was 10 V for the 191, compared to 5 V for the 5114 memories. Thus, the

voltage difference would allow for greater tolerance to voltage shifts. The

imposition of a failure criterion of VTNO - VTN > 0 would have predicted

approximate failure doses for the 191 and 5114 samples, respectively, that
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correspond to the data shown in Table 11. Thus, it appears that the criterion

would allow a prediction good within a factor of ^2-10 of the actual failure

doses for the 191 and a factor of 1-2 for the 5114.

It can be concluded that these test results demonstrate the feasibility of

hardening SOS memories by the use of the present n gate rad-hardened process

without the aid of rad-hard circuit design, to achieve total-dose capability in

the range of 10 5-106 rad.

TABLE 11. PREDICTED FAILURE DOSE FOR 191 AND FOR 5114 SAMPLES,

BASED ON THE CRITERION OF VTNO - AVTN > 0

Sample No. Device Failure Dose (krad) Experimental Failure Dose (krad)

1 191 135 750

2 191 135 225

6 191 80 750

10 191 70 100

1,2,3,4,5 5114 7 8-12
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SECTION IV

CONCLUSION
+

We have demonstrated the feasibility of using an n phosphorus-doped poly-

silicon-gate technology to build radiation-hardened integrated circuits. In

particular it was shown that a commercial 4K SOS RAM can be hardened to a level

of 5xlO 5 rad by the use of hardened processing techniques alone.

This is a significant improvement in the state of the art, since the use+

of n gate technology will allow fabrication of higher-speed parts (because of

the low sheet resistivity of polysilicon), presumably without the room-
+

temperature bias instability problems experienced with hardened p gate

processes. In addition we have shown that we were able to achieve this level

of hardness for the 4K RAM without having to use any hardened design rules.

This opens up the possibility of hardening already existing LSI chips hereto-

fore available only as commercial parts, and thereby circumvents the costly and

time-consuming task of designing a custom chip for rad-hard applications.

Circuit-probe yields are still low with this process, but this is caused

minnly by the lack of a hardened low-temperature reflow for the field oxide.

Fortunately RCA has recently done independent work in this area and has nearly

completed development of a fully hardened low-temperature reflow process.

Completion of this development effort should allow the fabrication of hardened

CMOS/SOS parts with circuit-probe yields comparable to those of commercial

processes.

The increase in n-channel leakage during irradiation is usually thought to

be the major cause of failure of CMOS circuits. However, these parts

apparently failed for other reasons (probably excessive p-channel Read/Write

transistor shifts). Thus we may conclude that if n-channel Read/Write

transistors were used, this design would be even more radiation tolerant than

the design actually measured. In Section III.D we have shown that

postirradiation back-channel leakage current can be suppressed by ion

implantation of the back interface. Previous work at RCA has also shown that

it is possible to suppress edge leakage in n-channel KOS/SOS transistors by

implantation of island edges 13]. Application of these techniques could

provide solutions to our most severe radiation problems at the present time.

The results of Section III.E suggest that the prospects of maintaining a
hardened n gate process on a given water processing line are good. If we can
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control initial n-channel thresholds and keep them at approximately 2 V, about

80% of all the lots processed would be hard even without solving the leakage-

current problem. Suppressing back-channel and edge leakage can only increase

this number.

The problems remaining to be solved are not trivial. Nevertheless they

are problems for which we have reasonable solutions. Predictions of future

progress are always risky, but from our vantage point, it appears that solu-

tions to the major hardening problems of CMOS/SOS are well within reach.
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A CMOS/SOS 4K Static RAM
RICHIARD) J. HIOLLINGSWORTH, ALFRED C. IPRI, MEMBER, IbF. AND CHANG SOO KIM, ME-MBERl, ILL!.

-tbstract-lligh density CMOS/'SOS technology has been used to
develop ai fully static 4096-hit RAM with a five-transistor storage cell. L.. --

Selection of a five-transistor memory cell has reduced the access to the I .. AC

flip-flop storage element to a single word line transistor and bit line. OCAZ.CT*

The word line transistor must he able to prevent data altering currents
fromt entering the memory cell at all times except for the write opera- P3 .. 'O

lion. Tire control of the wsord line transistor current conduction I-S NT-' .2

involves creation oif an operation-dependent bias voltage which, when -/ -

applied to the transistor gale, modulate% the maximum allowable cur-
rent into or out of the storage cell. 11w write operation is enhanced by CL

reducing (tic bias voltage across the memory cell, thereby making the - 0 LINE IN.
current needed ito alter tile cell smaller.PC

Through the use of a 51&,n design rule, the memory cell occupies IN.,

2913 turn 2. The 4096-bit static C'MOS/SOS RAM contains 22 553 a0.s
transistors in 20 mm2  Organi/ed as 1024 4-hit words, the 4096-bit .1
RAM Ila\ a read cycle time of 350 ns and standby posser dissipation of ECORAIN
501 ph4 at 1_ 5 V and temperature of 27'C. ICEL- OV. WOR LINEV,

- -NRTE OPERATION.
'CL V., .01 LINE -C.i

1. lI I RODI (a) (b)

A S I AIs Rl -4090-hi UNOS RAM Cal reult ill sigrillic.i itt I ig. 1. (3) 1 ive-transistor CMOS memory cell. (b) Current-toltage
,\NCI -cIti iilssatges % i high-speed opratin al et\C characteristics of' flip-flop and viord line tanir.

iciel,, Ifotf ITOi dissipat ion levels. (MOS iimoit Cs hive

pies o'ojsls heeni plaed h_ large chip si/Cs, "hll ciriiipaied io ditiowns due to read or write sequences. The memory cell must
.i.iTlie NMOS designis of' equivalent bii Cdpacity anld theiefote he a stable storage element.

dk II. I1C linoi tie 1 iCUCsiot aI tive-tratisist 01 st~i ic stoi1age Whetn Using thle five-transistor cell in an array of cells soi that
Ih, 0 1 ic:ieo~ deciiditig and cointrosl logic scheieis, aid( employ- many cells share bit and word lines, there are two modes of

llh, ,11, n ol ;Ipllfe SO) lchlol N. asfl IiC4010-itpossihle false data that must be considered. The 'irst case
\tISN RAM cani he aCliseved6 shicl compaies quite lavorahly involves tmultiple cell selection inl Which IwV Or more cells

lie .ii'i \Ct wtlliiines oil\ aI liactititi ol I'le iC~ PdsCtissi- shtartitg a bit line have their respective word lines enabled. In
IIt) NNN W TI i i'i'[11elaits I I . this case, thle signals that are subsequently transferred to the

11 1 is I 1 Iv Ni-ii (AIOS \tstIs ,()R t bit line tiust not be able ito alter the contents of any cell. It is
possible to design a decoder which will ensure that all word

cI I i-Wilkclit e i1 JCaI (1 fte Static iieItiot1 C0. cel aIiVC- lines are fully disabled before selection of a word line, but this
''l;' iltiliii 'l kl se~ Clected 121 A 1iveC tiai'istslti cell .,break before miake'* decoding scheme adds complexity to thle

--- Ill icedl Ti Iit. sil linle traiNiNist and bit liute dcode and Control logic.
;II i lie III-I 'ie 1uiteitit Wia 1i s-i iati-.istiri cell 1-; I The secotnd case to be considered involves bit line voltage in1. i ihj~sici lilt, llie cll aieai. I lie tir' of otIls one traits- thle torms of charged parasitic line capacitance which could

m i- i iite Tla iii lle lilt line fot accessitig the Cell results, alter thle data in a cell %%hell thne word line is enabled. The bit
I l Inq 111kwi I iciietet lii thle de(Ing and Control line capacitance. which is charged to thie opposite state to that

Vill I i- at tle input node olfitle selected cell, could provide sufficient
I leIW 1%C -Iiiiit~ ell ssIII \Aicl ss s slcted IN shotsA~ 1n ittig. chaige tol dump back into tile cell and force the flip-flop to

(,II Ili I' I .'.? % I .atiut "l devices Coutipt Ise (lie Cios chtantge state (assuming that the total bit line capacitance is
. iilekI use 1ci. %k5t liiclif te stimnge element. Tile P3 device itsuch g reate r thIn ile It nput capacitance of an in divi dual cell).

the flitiiiiissiuii zat L Itic li~ Is used lo connect thle fltpl-t1l Iti both cases that have been preseinted, thle five-transistor
it, fli hit s iiic, 1d tiaiissil data Into (it soit 41 tile cell 0Of cell design vtsiuld result Inl a stable storage element if' thle dc

tP.S isijr toi gijiijnc lie li- Ilicaiii aftT if faise dta ie -li Imipedanice pieseitted by file vword line t ranlsistor is tmade large
trirsisr~i II s tT giairite tnt icu a ii lase atacm- enoighi soIs tht sufficient cuirent to chanige thle state oft tile

\1 llt r.. i,,l\I'tl 11, 1 78.I' l illk 1, 978Cell could flot as 1_1011 f ifit te bit litne to thle hlip-Imp1. I lowever,

thT ~T I ll \%fl . ii P.11,.oi1 S,ri11-ii RttCsri.l (i lT R(I jh f.til, ssstild i-silt in a cell that canniost be writteni flito,. This
% 'iic Iit 11851il apparet parado\ is tessilsed uising bias voltage levels ott thle

4 001 XA9200 7/1 t)Ot-0604StO75 0D 1978~ Ill-P
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word lines and for the po\ker supply to tile cell which are ,E,.- 8 .- -
tailored for tie read and write operations to ensure safe read- LINE - -cAP SIMUt ATION

ing and a. c(l-inplete "-rite operation. 5 ., REGION OF POENTIAL DATA

The read operation involves applying the proper bias voltage ORD N2 N, 0

lever to the word line so that the impedance of tie word line LON4Llee t le w r ln o ta ieiOTENITIAL V VCELL
. " 

'WE'

transistor is high enough to prevent current, which is capable
of ahteiing the cell,- from entering thre cell from the bit line. As (OTI5

tile impedance of this transistor is increased, the current which
the cell can provide for reading is reduced and the read opera- 2

tion speed is slowed. It was a design goal to optimize the word
line bias during the read operation so as to yield the highest I

speed response and yet not jeopardiie the cell stability.
A quantitative analysis can be performed by calculating the 4 5 6 7 6 1 ,0 ,,

current necessary to change the cell state and comparing this Vi (VOLrSI
with the conduction properties of tile word line transistor
being the parameter of interest. Through the use of computer Fig. 2. Calculated critical word line potential limits I tRB(CRIT)]
modeling (R-CAP) 151, a plot of the flip-flop and word line
transistor characteristics can be generated. This is shown in the write time response of the flip-flop. The VCELL value for
Fig. I(h in which IM is the cuirent flowing into the flip-flop Iok = 5.0 V is selected to be 1.7 V which results in typical
o1 through the word line traInsistor as a function of l,', the values oflw = 50 A and 'MW- = -15,uA at 270C.
voltage at tie contnon node of a P2/N2 drain and a P3 drain/ Selection of the ikB voltage, which is applied to the word
source. Depending upon the state of the bit line, node A can line during the read operation, must result in the intersection
either be the drain or the source of P3, and the current con- of the P3 load lines with flip-flop characteristics at points
ducted by P3 into the flip-lop will depend upon the state of "a" and "b" in Fig. 1(b). The VRB voltage for a particular
the hit line. The word line transistor P3 will act in either the VC, is determined by finding the critical word line voltage
comonot source or source follower mode of operation with IRR(CRIT) which yields maximum P3 current without
regard to node A. Both modes of operation of the P3 device exceeding IMR. or I(IR- In Fig. 2. a plot of word line poten-
aie shown in Fig. I (b). In order to guarantee a safe read. tile tial as a function of V., has been obtained by computer-aided
w\,st case conditions will be calculated for the bit line fixed calculations (R-CAP). The VRB(CRIT) is shown for both
,t 1.,. ad ground. ["CELL = 0 V, which is the case for reading, and VCELL = I'WE,

It. fi example, the hit line is held at Vk. and the word line which is for the write operation. The limits shown in Fig. 2,
is enabled with some potential which turns P3 on. tire flip- therefore, define the boundaries below which the word line
1ip wih a ground potential at node A will change state only voltage could force a false data change. It is clear that, for

it ctrrcrnt in excess of In can be provided through P3. Ill 'CELL and the word line potential both at ground, the flip-
Fg. lb, pint a is tie intersection of the flip-flop charac- flop is capable of being altered for V = 3-12 V. Increasing

teristic with the commnon source load line of P3 for I word t'CELL = VIWE during writing simply increases the design mar-
line voltage of VRI . Conversely. for the bit line grounded and gin for a safe write and results in a faster write since a smaller
the ,.\ord line at IUR. (ilte current necessary to drive the cell current is necessary to flip the cell.

Ilon 1".,. at llodeI. is l'SR which is prevented by the inter-
section of the P3 load linle with the flip-flop characteristics at Ill. WORD LINE BIAS GENERATOR

piint "h ." For tile read operation, it is necessary to maximize A bias generator is required to produce the optimum URR
th1e 1 IA- anid /11R values ill ordet to increase the charging which lies above tile critical word line limit for VCELL = 0 V
current li sensing tile data. This is accomplished by fixing as shown in Fig. 2161. The ideal situation would be a bias
V(1.t1, at oru nd ptential. therefore placing tile full 1'*c generator with an output voltage more positive than the
across tile cell. With S channel width for P1 P2. and AI . critical limit by all amount representing the design margin
12 pilt for N2. 33 mn for P3. and 5 pin length for all devices, (500 mV) and with the same slope as the I'RB(CRIT) versus
typical values for I", = 5.0 V are /11/. = 650 MA and 1.11R =  1r, limit with "ICLL = 0 V it Fig. 2. Fig. 3 shows the calcu-
2t)(OpA at 27o(' . lated and measured response of the bias generator circuit.

otr the write operation. tile impedance of P3 is reduced by Tile inset iii Fig. 3 gives the schematic drawing of the circuit.
drivtrtg tie i ord line to ground. thereby permitting current ill The generator uses three depletion mode PMOS transistors it
eXes, ii Iu, Ml? In¢ 1R flow. This condition allows bit a voltage divider arrangement. The P4/NI self-biased inverter
limlL il t,i to le loaded ittu( the f il-flop. In order to enhance subtracts I'l7-jp + Al' from tile potential at node A where
the wlte operalioll ill tern', of speed and safety naigin, tile = PMOS threshold voltage and Al' is the built-in voltage

potential across tile flip-Hop is reduced by driving It. I I',. to a ofiset created by the current ratio of tile sell'biased inverter
positive voliage ahi we grouid. Increasing I*. above ground devices. The output response F. which is switched to the word
rihliices file flip-flop current peaiks to I Stw and I w- in Fig. line by decoding circuitry. matches the requirements for the

I lte wrrile enhlncefmeni gined by raising i:i1 is IRR voltage as seen by comparing tile responses itn Fig. 3 with
ep,'cHilllputtuP1 tat for II. values less than 5 V in terms of the limit shown in Fig. 2. Variations in device parameters
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path I, contiolled hi, tie case k5c I- the ssoid line tranlsistor
I ig. 4. 4(196-bit (MOSSOS Slaot-X cV IrCuit design. in thfe ineimio cell acts III the soice-lolloer niode ol'opera-

tion . This otcils wkleiftle cell attfcllipts to pull fihe hit line

p aMc colillellsited by the bias generator in that as I -r1lp drops. toward glound. Tli ol cirioe actfioti of' the word

4 ic, Im l RIT) Iincreases since P3 becomes miore conductive, litre device ss ill restil t III a sloss i hit iexp onse t hart reading out

I lie bras generator output F increases as VTup drops. which is a I'C ~poteittial li otl the t11ip-flop. 1lie scilse amplifier miust

iI Ire proper direct ion. This is seen in thle relat ionship govern,- respondk Ito slighlthdops, itt tile hit line helov,17 in order to

il e lcru1lrator response: resul t in tast dat a accs
The 409)(-hit RAM IN ol giiii/Ck J 1xI024 4-hit words a111d i s

I [,,~ ~.pirt-cilrttpatihle ssl tili t!e luxti \ sumdaidl 21 14 part. [The

-Itic case where I'T,,,. increases causes VRB(CRIT) Ro decrease rIleitiory is, I oil\ taic -I(IIJ eqi it O(.'S locking pii ooeach
.Irrcc P3 is less conductive. The output F will thterefore cycle. filIe item pe\ k iit cx tii 1, A (if o 3 ito 12 V and

dec rease . oiver tife tclipetatiilillc Ii I I A .- ll Itnputs arid
outp)uts ale rri coiilillhc jt I" - V

IV. CIRCUIT DE~SIGN

TFie live-transistor cell used in conjunction with the bias V. Rii'I t

gertera tor shoiwn in Fig. .3 results in a high performance 409)6- Thle 41151K-hit static R W 5 ix Ia i -it \silih pil ii lesii i ties
hit RAM witht simtple static decoide and control logic. There is for the eiglit-ii.ixk sli itc ( \It INt SOS tihite1atiort tech-
nil need for hit linre preefrarge or "break before make" decoder nlrlogy'. I lixpu s s M~~~ i ~lTc'i~i rode PM405and

ischierries Thre full circuit schematic is displayed in Fig. 4. All NNMOS \%fili loesliold vlic I Ind ll I -I V. respectively.
logic elemrents are fully static CMOS gate configurations. The atnd Iepletinl T d P\110S \klii .i IIL'IielI ot 0t S V. The

V4 write enhance bias output /I prorvides the VCII.L priteitia to tj'c-tiiiixrstoi niiit\ Lcll l,i, ,w ItI ii2- 1 pin7~. Tire toltal
4 ~the miemnory array during the write operat ion. in which case II chip sr/c is, 4.01 I 111111 \Illl IIW micilii cells occuipyinig
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00 percent of the total chip "area. This high elficiency ofI
Ietllrv area to total chip area is attributed to the siniple

static decodi iig and colitiol It .ii c that is used. rite chip cto - Re kAL. CY0Li

tli, 13 300 I\I()S and 91i03 NMOS tianststors with tile static AIDR "
llielnotl cells usllng 0.8, percent of the devices.

A hOtOiltncrgra ph of the completed 4096-hit RAM is " ....
sho,n in Fig. 5. The layout split,, tile 400t6 memory cells
into ttio blocks of 32 X 04 with the ro w decoder situated in IWO

WRITE CYCLE -
the middle. The control logic and inpu/toutput circuitry are ,_

located adjacent to the colunin decoder and selection switches - . -

so as to. miniei/e the loading effects upon the bit line after
being ss. itlchd through to the sense amplifier. w-7 ." -, .-. -

VI. P1Rr'kV0RM-Nf. , . , -

The basic tuing requirements for the 409,-hit CMOS'SOS . ...... - ,'

RAM ate displayed ill Fig. 6. The ('S input can be operated
as ncltt onousI. % ith tespect to tile address inputs and is essel- i i f 1, 6 ,,t omtmc icquitrcnIcn for 4096-bi sitalic RAM.

- tiall used to citable'disable tihe data read and write circuitry
and bias cenelators. VC - 5.0 V

Ithe \ Ord line bias generator output F is shown in Fig. 7.
Im)in the lead operation. I .5 V for I., - 5.0 V, Which

is the value shtsm i ill Fig. 3 ant is wxell above the IV)li(CRIT) CS
sho, ti ttig. 2 for loYl I I z 0 V. This bias arrangement has 5V/div

ultesled ill sale aid stable dAtla access whell tile 401)91-bil RAM
is subjected lo rigotous lead write patteri sensitivity testsi
such as %%alkiig and galloping oties and zeros. i Fig 7. the I. 5V/div

ulll al .ln he sceen it,, lelur to Itc when ( S = loeic I . I is
Liettl to grouitid sshen (CV aid 1i are both at logic J state F
(ikite opetation) \ hich successfully reduces tile \ord line
tratisisthr impedance to allow tot writing data into tie selected PVldiv
cell.

rie tesponse of the write enhance bias genetator /1 is seen
in l:ig. S. This potential. o hich is directly connected to tile

l .I node of each memory cell, is seeni to be 0 V at all times 2ps/div
except hlien (S and 1'7I equal logic 0 ( rite operation). it
\hich timle tile HI output rises to I.7 V I'tt , = t I, 7 Word lutc bias lertcrahlr tmmastred rVt.onse.

[here is no difficulty in the Arite enhance bias generator
nairttaining tile voltages shown in Fig. 8 for all 40t6 cells VCC = 5.0V

since (MOS memory cells, such as tile five-transistor cell in
I:ig. I. cotstiie n dc current except for leakage currents
(\khtch are lypically less than 500 pA cell at 1 ,,. = 5.0 V). The
\lte etiliance generater only has it) sink transient currents 5V/div
dulint the itile ile cells are S4llcliilg state or when tile input
node of the flip-flop (node A in Fig. I ) rises moientaily
allove tile giund wkhenl readinig out a 0 m~ili a bit flte pre- WE
%ilusly charged near IV.. These transient currents are lit ,nI le 5V/div
thllt approxintately 200 mA at It., = 5.0 V.

The worst case read access time can he seen in Figs. 1) and

Il The pattern used reads data irom word 15 by raintaining H
a, %% Ord line w ith data which is opposite tot that in the previous 2V/div
llpetat tort. The tead access little ftor word 15 is a measure of
the respmse of the clumtn decoder. the hit line interaction 2s/div
\0it the sen,,e implifier. and the propagatiotn oii dala trom the
ti'ttse amtiplifier throtughi the output drivers. The read logic I t;. X AnFlite Ltlfltt1l hits t"",'nl'iht' nt it-,r t red ponse.

I access is 175 ns and the read 0 access is 150 its for I =

.1) V. as seen in Figs () and 10. respectively.
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V¢¢ 5.OV The worst case access time at 1'eo = 5.0 V is seen as 350 ns

Cfor both read logic I and logic 0.

VII. CONCLUSI()NS
Ao

2V/div A five-transistor memory cell has been successfully' used in
the design of a 4096-bit static CMOS/SOS RAM. Proper con-
trol of the word line potential results in a stable storage ele-
ment with fast data access. Simple static control logic that is

I/O ( I ) used permits 60 percent efficiency of memory area to total
2V/div chip area. CMOS logic for low power and high speed and SOS

technology for packing density and reduced parasitic capaci-
tance has resulted in a 4096-bit static RAM occupying 20 ture2

with a read access time of 350 ns and standby power dissipa-
tion of 50 MW at Vc,. = 5 V.
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